Spectrin and ankyrin participate in membrane organization, stability, signal transduction, and protein targeting; their interaction is critical for erythrocyte stability. Repeats 14 and 15 of βI-spectrin are crucial for ankyrin recognition, yet the way spectrin binds ankyrin while preserving its repeat structure is unknown. We have solved the crystal structure of the βI-spectrin 14,15 direpeat unit to 2.1 Å resolution, and find 14 residues critical for ankyrin binding that map to the end of the helix C of repeat 14, the linker region, and the B-C loop of repeat 15. The tilt (64   o   ) across the 14,15 linker is greater than in any published di-repeat structure, suggesting that the relative positioning of the two repeats is important for ankyrin binding. We propose that a lack of structural constraints on linker and inter-helix loops allows proteins containing spectrin-like direpeats to evolve diverse but specific ligand recognition sites without compromising the structure of the repeat unit. The linker regions between repeats are thus critical determinants of both spectrin's flexibility and poly-functionality. The putative coupling of flexibility and ligand binding suggests a mechanism by which spectrin might participate in mechanosensory regulation.
Introduction
First discovered in the human erythrocyte and closely associated with a variety of familial hemolytic anemias, the spectrin-ankyrin cytoskeleton has emerged as the classical paradigm of a polyfunctional organizing membrane scaffold. Ubiquitous in higher eukaryotes, the spectrinankyrin skeleton contributes to membrane stability, the organization of membrane proteins and lipids, the recruitment to membranes of cytosolic proteins and signaling complexes, the tethering of organized protein mosaics to filamentous actin or to the motors effecting microtubule-directed transport, and the facilitated transport of membrane proteins through the secretory and endocytic pathways 1 . Reflecting these diverse but fundamental roles, hereditary or experimental disruption and dystrophin; spectrin-like repeats are also found in unrelated proteins including kalirin, plectin, MACF1, AKAP6, Syne-1, and Syne-2 (Nesprin-1 & 2) [8] [9] [10] . Only five canonical proteinprotein or lipid interaction motifs are found within the spectrins: 1) two calponin homology (CH) domains near the N-terminus of β spectrin responsible for actin-and dynactin binding 11, 12 , 2) EF-hand domains near the C-terminus of the α-spectrins that bind Ca 2+13 , 3) a SH3 domain inserted near the middle of α-spectrin 14 , 4) the calmodulin-binding domain also near the middle of αΙΙ spectrin 15 , and 5) the PH-domain near the C-terminus of several β-spectrins 16 . All other ligands, including ankyrin, the Lutheran (Lu) blood group antigen 17 , N-CAM 18 , EAAT4 6 , NMDA-R2 19 and lipids 20 , bind to regions of spectrin composed only of triple helical spectrin repeats (summarized in 1 ) . In other proteins also, spectrin-like repeats are responsible for binding specific ligands such as a nuclear receptor 21 or possibly histone deacetylase 22 in the proteins mAKAP or BPAG1 respectively. Yet, few insights have emerged to explain how specificity of ligand binding is derived from regions with such a conserved and repetitive structure.
This problem has been most thoroughly explored for the interaction between erythroid βI-spectrin and ankyrin. Kennedy 23 and others 24 established that the ankyrin-binding site in βΙ-spectrin lay between codons 1,768-1,898, a sequence bridging the terminal third of the 14 th repeat (βI-14) and most of the 15 th repeat (βI-15). This region is well conserved in all classical β-spectrins (βΙ to βIV); its most unusual feature is an absence of highly conserved tryptophan and histidine residues in βI-15. Otherwise, the sequence of this region reveals no features that distinguish it from other spectrin di-repeat units.
In the present work, we explore the mechanistic basis of how ankyrin binds to spectrin, and
For personal use only. on October 3, 2017 . by guest www.bloodjournal.org From address the general question of how ligand-binding specificity can be achieved within the spectrin-repeat structure. We use alanine-scanning mutagenesis to identify residues critical for ankyrin-binding within the βΙ-14,15 di-repeat peptide, and solve its crystal structure to 2.1 Å resolution. We find fourteen residues critical for ankyrin binding; they map to helix C of the 14 th repeat (h14C), a helical linker between the repeat units (14-15 linker) , and to the loop linking helices B and C of the 15 th repeat unit (15B-C loop). These residues are either closely involved with stabilizing h14C, or form a hydrophilic binding surface extending along h14C and the 14- 
Materials and methods

Cloning
The human spectrin GST-peptides βI-14,15, residues 1680 to 1898 (accession NM_000347), and αI-14,15, residues 1489-1705 (accession NM_003126), were cloned and expressed in pGEX-4T (Invitrogen). Residue substitutions (Supplemental Table T1 ) utilized the Quick-Change SiteDirected Mutagenesis kit (Stratagene). Full-length HIS-tagged human ankyrin R (hisAnkR) was cloned and expressed in pTRC-his-B (Invitrogen). The preparation of full-length recombinant ankyrin required special precautions. All the constructs were transformed into BL21-Gold 
Ankyrin pull-down binding assay
Bacteria expressing hisAnkR were co-sedimented with bacteria expressing GST-spectrin peptide and resuspended in 1mL of binding buffer (50mM Tris pH8.0, 250mM NaCl, 1mM EDTA, 2mM 2-mercaptoethanol (βME), 1% (v/v) glycerol, 0.1% (v/v) Triton X-100). After lysis by three freeze-thaw cycles and sedimentation at 21,000xg for 20 minutes, the supernatant was incubated with glutathione Sepharose 4B (GE Healthcare) at 4°C. The resin was washed three times with binding buffer, and analyzed by SDS-PAGE or Western blot.
Circular dichroism measurements and thermal melt analysis
GST-spectrin peptides were bound to Glutathione-Sepharose and cleaved with thrombin to liberate the spectrin peptide. After dilution to 10μM in PBS, circular dichroism measurements and thermal melt analysis were conducted using an Aviv model 215 CD scanning spectrophotometer. Secondary structure was estimated by K2d software 28 .
Purification and crystallization of βI-14,15
The bacterial cell paste was resuspended in lysis buffer (50mM Tris-HCl, pH 8.0, 50mM NaCl, 1mM EDTA, 2mM βME, 10% glycerol, 0.1% Triton X-100) and sonicated; after centrifugation the supernatant was incubated with glutathione-sepharose at 4 o C. The matrix was rinsed with the following buffers: (W1) 50mM Tris-HCl, pH 8.00, 300mM NaCl, 1mM EDTA, 2mM βME, 10% 
Results
Alanine-scanning mutagenesis identifies residues critical for ankyrin binding.
Studies employing serial truncation of βΙ−14,15 23 , interpreted using the repeat phasing suggested by structural studies of other spectrin repeats 36, 37 , defined the boundaries of the ankyrin-binding domain of spectrin (residues 1,768-1,898) as portions of the h14C and all but the most distal parts of repeat 15 ( Figure 1A ). To determine which residues were most critical for ankyrin binding, a series of GST-βI-14,15 spectrin di-repeat peptides were evaluated in which residues were systematically mutated by site-directed mutagenesis to alanine. The selection of mutated codons was biased toward residues conserved in the 14-15 repeats of βΙ to βΙV spectrin, but not conserved across other spectrin repeats, on the assumption that residues conserved in the nonankyrin binding repeat units were likely to be fundamental to maintaining the structural stability of the triple helical unit. The substitutions examined and their impact on ankyrin-binding are listed in supplemental Table T2 , and depicted graphically by the arrows in Figure 1A ;
representative pull-down assay data for selected peptides is presented in Fig. 1B . The native βΙ−14,15 peptide reliably bound both full-length ankyrin as well as the smaller ankyrin present in the recombinant lysate (Fig. 1B, lane 1) . The genesis of the smaller ankyrin band, whether it was an incomplete transcript or a proteolytic fragment, was not explored but its identity as hisAnkR was verified by Western blotting ( (Table T2) . Residues critical for ankyrin-binding activity were clustered near the C-terminus of the 14 th repeat and in the 14-15
linker. Three additional residues in or adjacent to the B-C loop were also critical for ankyrin recognition.
The L1793A mutation abrogates ankyrin binding and uncouples the di-repeat unfolding, whereas the Saõ Paolo mutation has no effect on ankyrin binding
For several of the non-binding peptides, preservation of overall secondary and tertiary structure was confirmed by circular dichroism and thermal denaturation. The wild-type peptide and all of the mutants examined preserved their α-helical content (68-75%) (Fig. 1C) ; however, the peptide containing the L1793A mutation uniquely displayed a biphasic melting curve indicating that the cooperative thermal denaturation of the two repeats was now decoupled. This mutation also strongly abrogated ankyrin-binding, corroborating a contribution from both repeats 14 and 15 to the binding site.
Also examined was the impact of the A1884V mutation in β-spectrin São Paolo that is associated with a familial spherocytosis 38 . Typically, spherocytosis is characterized by a loss of spectrin from the membrane due to deletions or missense mutations in β-spectrin or to defects in its ankyrin-mediated linkage to the membrane 2 . However, the single point mutation in spectrin São
Paolo, a conservative replacement of alanine with valine in helix 15C, did not impair ankyrin binding in our in vitro assay (Fig. 1 ).
The structure of the ankyrin-binding domain of βI-spectrin.
To more precisely interpret the implications of the mutagenesis data, the structure of the spectrin βΙ−14,15 peptide was solved to 2.1 Å by SAD phasing (supplemental Table T3 ).
Crystals of the seleno-methionine labeled protein diffracted to 2.6 Å and all three selenium sites
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The model was refined against the isomorphous 2.1 Å native data set to the final R cryst = 21.6% and R free =25.3% (Table T3 ). The asymmetric unit included one molecule; the model contained 190 amino acids and 128 water molecules. Model geometry was excellent, with 98.33% and 1.67% of residues falling respectively in preferred and allowed region of the Ramachandran plot. The βΙ−14,15 peptide was asymmetric and elongated (~ 93 x ~30Å) and displayed a typical spectrin di-repeat fold (Figure 2A ). The two repeats overlapped for approximately half the length of the molecule. Each repeat had 3 helices, labeled as h14A, h14B, h14C, h15A, h15B and h15C, and two loops labeled 14A-B, 14B-C, 15A-B, and 15B-C ( Figure   2A ). The two repeats were joined by a five amino-acid α-helical link (14-15 linker). The 14-15 linker connected helices 14C and 15A into a single long continuous α-helix similar to that observed in previous spectrin-like di-repeat structures 36, 37, 39, 40 . Fourteen C-terminal residues (residues C 1892 -R 1907 ) and thirteen residues in the 15A-B loop (residues L 1820 -H 1835 ) were disordered and could not be modeled.
Hydrophobic residues critical for ankyrin-binding stabilize the di-repeat structure, whereas the solvent-exposed residues from h14C form the ankyrin-recognition surface. Figure 3 ; center; also supplemental Figure S3 ). The mutagenesis data indicates that ankyrin binding requires the hydrophobic residues from the helices 14C and 15A to stabilize
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The side-chains of D 1781 , E 1784 , D 1787 , T 1788 , and L 1792 from helix 14C are critical for ankyrin binding. These side-chains are solvent exposed and form a common face along the molecular surface ( Figure 3A) . It is therefore unlikely that they play a role in stabilizing the structure of the di-repeat. This surface is positioned near the linker region and is supported by the hydrophobic core of βΙ−14. 
org From
The structure of βI-14,15 was compared with the structures of βI-8,9, αI-15,16, αI-16.17, and BP antigen 1 (BPAG1) 36, 37, [39] [40] [41] . Least squares super-positioning of the entire βI-14,15 structure yielded root mean square deviation (r.m.s.d) values from 2.2 to 3Å (Table 1) 
The unusual absence of both Trp and Trp-His couple in repeat 15 does not affect the hydrophobic core of repeat 15 nor ankyrin-binding activity.
We analyzed the consequences of the absence of the nearly invariant Trp at position 14 in helix A and the semi-invariant His in helix B of the 15 th repeat. A tryptophan at the end of the second heptad of helix A is spectrin's most highly conserved feature, present in 14 of 16 βΙ repeats. A second well-conserved Trp residue is located in the first position of the third heptad of helix C, and a third well-conserved residue is His in the middle of helix B. Previously determined spectrin di-repeat structures 37, 39 indicate that the side-chains of these three residues form a tightly (Fig. 1) . Furthermore, we find in our structure that the hydrophobic core of βI-15 is tightly packed, similar to that of other spectrin repeats, regardless of its lack of the invariant Trp residue in helix A.
Two peptides were prepared with an L1812W mutation or with L1812W, L1848H double mutation. These mutations return both the critical Trp in h15A as well as its interacting His sidechain in h15B, presumably restoring the conventional packing of the three helices 39 . Both of these peptides retained full ankyrin-binding activity (Fig. 1B, lanes 16,17) . The thermal stability of the double mutant was slightly reduced, but remained highly cooperative with a transition temperature near 42 o C (Fig. 1C) . Thus, the loss of the invariant tryptophan and the absence of the Figure 5A ).
Discussion
Together, the scanning mutagenesis findings and three-dimensional structure of the βI-14,15 di-repeat allows a comprehensible view of the ankyrin-binding domain in βI-spectrin.
Three characteristics define this domain: 1) the presence of 8 critical residues in the C-terminal end of h14C and in the 14-15 linker that form a tight hydrophobic core stabilizing the di-repeat, 2) a highly charged hydrophilic surface of h14C and the linker region that forms the putative ankyrin-recognition surface, and 3) a larger tilt angle between the 14 th and 15 th repeat units stabilized by the residues S 1796 and Y 1866 that interact with residues from both repeats. We also find, contrary to our earlier speculation 23 , that the absence of the nearly invariant tryptophan at position 14 within the 15 th repeat (L 1812 ) has no effect on the structure of the hydrophobic core of βI-15 nor does it affect ankyrin binding. In this respect our structure differs significantly from the structure of βI-9 that also lacks the conserved tryptophan but displays a more open and presumably less stable central core 39 . Thus, the changes that bestow ankyrin-binding specificity are subtle, and involve primarily sequence changes in the terminal portions of h14C, the [14] [15] linker, and in the 15B-C loop.
Ankyrin and other ligands such as the Lutheran blood group antigens 17 , the neural cell adhesion molecule NCAM 18 , the delta glutamate receptor 44 , and excitatory amino-acid transporters 6 bind with high specificity and affinity to the spectrin repeat (summarized in 1 ). Other proteins with spectrin-like repeats such as BPAG1 22 and mAKAP 21 also use their repeat regions for ligand binding. We speculate that the evolutionary adaptability provided by restricting changes to the helix C-linker region, with contributions from the spatially adjacent B-C loop of the down-stream repeat, provides a general model of how ligand specificity can be achieved in spectrin di-repeat units without disrupting the folding or stability of each triple-helical unit. The primary structure of the different spectrins supports this hypothesis in that there is high repeat-to-repeat and linker conservation across the different spectrins (Fig. S1B, supplemental material) , but much less conservation within any given spectrin (Fig. S1A , supplemental material) (also see 10 ).
Interestingly, divergence is most apparent in the terminal portions of the helix C, the linkers, and the inter-helix loops. There is almost a total absence of linker homology within a given spectrin, but very high linker conservation at similar positions between the different β-spectrins (Fig. S1B , supplemental material). Correspondingly, the predominant sites of sequence insertion, either by evolution or alternative transcription, concentrate in the helix C-linker and B-C loop regions of every spectrin (Fig. S2, supplemental material) , as do many mutations that lead to hemolytic disease 27 . Thus, the helix C, linker, and inter-helix loops (particularly the B-C loop), are sites that readily accommodate modification without disruption of the structural repeat. While the linker provides a crucial bridge coupling the folding and unfolding of paired repeats to each other 43 , we
propose that the linker has additional roles. Specifically, we propose that the spectrin two-repeat unit represents a novel and here-to-fore unappreciated general protein-protein interaction motif.
As with the ankyrin-repeat unit, evolution has used the spectrin di-repeat in a modular fashion in a variety of proteins to create specific protein-protein interaction sites ordered along an extended scaffold. A model of the putative spectrin di-repeat protein-protein interaction motif is depicted in cartoon form in Figure 6 .
Beyond providing a binding site, we also propose that the sensitivity of spectrin repeats and their helical linker to thermal unfolding and stretch-deformation 26,45 provides a compelling mechanism whereby mechanical deformation or stress may be transduced into alterations in coupled. An even more interesting possibility that follows from this model is that the spectrin two-repeat unit provides a modular mechanical switch used in spectrin and other spectrin-repeat containing proteins as a mechanism for coupling mechanical deformation or stretch to ligand binding and signal transduction pathways. There is already considerable evidence that the flexibility of spectrin, especially as defined by the nature of is linker sequences, is critical for its function, and that even under physiologic deformation in the red cell localized unfolding of spectrin occurs 46 . We hypothesize that spectrin proteins containing spectrin di-repeat structures may provide not only a controlled flexibility to membrane-associated scaffolds, but also an intrinsic mechanosensing switch designed to control the disposition of ligands and signaltransducing molecules in response to cellular deformation or stretch. In future work, it will be important to evaluate the predictions of this model, i.e. that di-repeat spectrin units can form deformation sensitive protein-protein interaction domains. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From interacts with I 1809 . The core is further stabilized by V 1852 and V 1881 that interact with I 1809 and W 1885 , respectively. The cores of both βΙ-14 and βΙ-15 are thus tightly packed and hydrophobic, without included water. This is unlike the structure reported for βΙ-9 that also lacks the invariant tryptophan 39 . 
